Abstract-
3-D Unsteady Model for Be-Steam Reaction in
Water-Cooled Ceramic Breeder Blanket one of the cooling pipes in the blanket module
Be + H 2 O → BeO + H 2 + Q ↑ (1) solid gas solid gas.
One of the China Fusion Engineering Test Reactor (CFETR) blanket variants is a WCCB with beryllium multipliers. Detailed description of the CFETR WCCB designs can be found in [1] . Fig. 1 shows the structure of the blanket including ceramic breeders and beryllium neutron multipliers in the form of pebble beds as well as water-cooling channels. Breeder zones do not contain pure beryllium and have a much lower reaction rate with steam. Thus, they are neglected in the chemical reactions, although they are included in the global thermal and flow analysis. In order to perform the detailed analysis of the accident, the model of the reacting flowthrough porous media was developed and introduced into 3-D computational fluid dynamics (CFD) code.
II. PEBBLE BED POROUS MEDIA MODEL
In order to perform the detailed analysis of the process, the model of the reacting flowthrough porous media was developed. In this model, granular beds are introduced as porous solids simplifying the model geometry and reducing typical mesh size to manageable amount of tens of millions of elements. Flow in particle bed is assumed as a flow of the reacting ideal gas mixture in the porous media
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where A is the interface area [m 2 ]. Assume the solid part a Be-BeO mixture with the following properties: 
Properties of the solid mixture are defined as follows: thermal conductivity [2] 
and heat capacity in Fig. 3 , where lines showing linearized reaction rate for beryllium dust and pebbles with sizes of 0.2 and 2 mm are also presented. Following the production rate of BeO can be presented as follows [4] : Be reaction rate can be approximated using linear dependence on the inverse temperature rate
In (9), nondimensional coefficients X and Y can be considered as a constant for different temperature regimes [4] . Table I summarizes these coefficients for temperatures below 600°C. Assuming that particle size for dust is much smaller than 0.2 mm the data in Table I one can be generalized into linear dependencies on the particle size. Fig. 4 shows such linearization results, leading to the following generalization of (9):
where s is a particle size [mm]. Equation (8) was used directly to obtain BeO mass fraction in the solid part of the porous media. Although (10) provides approximate reaction rate for the particles of various sizes, further experimental, confirmation is desirable, especially when pebble shape texture and dust content is taken into account.
Source terms for various species and for energy equation can be obtained as follows:
where Q is the heat of the reaction [J/mole]
Relations (8) and (11)- (13) were introduced in the ANSYS CFX code as source term expressions. Temperature and composition dependent properties were used for solid part and for gas mixture.
III. MODEL VALIDATION
Experimental setup at the Idaho National Laboratory [5] is presented in Fig. 5 . Numerical simulation assumed large hexahedral region around the crucible. Free-slip conditions were imposed on the external walls. The pebble bed of 2-mm thickness was represented by a porous region at the bottom of the crucible. Inlet flow of Ar is assumed with the addition of steam from t = 0.
The results of the model validation are presented in Fig. 6 confirming that the 3-D transient model implemented in the CFD code can accurately represent the experimental distribution of hydrogen production. Numerical results were also verified by the mesh independence study. Figs. 7 and 8 show hydrogen production and steam consumption during the reaction. Fig. 9 shows the temperature increase in the crucible due to the exothermic reaction. Flow streamlines in the test region are shown in Fig. 10 . Mass and thermal balances were verified during the analysis to insure results convergence accuracy. 
IV. WCCB BLANKET ANALYSIS
The CFETR WCCB CAD model imported directly into ANSYS Workbench Design Modeler as a STEP file. Fluid volume is created using Design Modeler Fill operation and covering inlet and outlet surfaces. This operation ensures that there are no leakages in the model. No other modifications of the model were performed. Meshing was performed using the CFX method available within the framework of the ANSYS Workbench Mesher. The application of tetrahedral elements for meshing the internal regions allowed automatic mesh generation even in the most complex cases. Advanced sizing functions were used with automatic mesh inflation depending on curvature. Computational mesh of 35 million elements was created with three layers of boundary elements. The mesh is presented in Fig. 11 .
Volumetric Heat Source distribution generated externally was included into CFX as prescribed levels for each breeder and multiplier volumes. The constant surface heat flux of was imposed on a front wall. Temperature distributions obtained during steady-state analysis of the CFETR WCCB blanket are presented in Fig. 12 . The results of current analysis are in agreement with previous results [6] using FLUENT CFD code. The results show that high-temperature zones are mostly located in the breeder regions, whereas in multiplier zones stay below 600°C. The transient simulation of the beryllium steam reaction in the blanket is currently underway and will be presented in the future publications.
V. CONCLUSION Analysis setup for simulating loss of coolant accident in the WCCB blanket was created. Pebble beds and helium inlet/outlet zones are simulated as porous regions. Analysis setup was implemented using general purpose CFD code ANSYS CFX and included in the following:
• 3-D coolant flow analysis;
• external volumetric and surface heating effect;
• flow in porous media;
• flow with chemical reactions. Gas-solid chemical reaction was introduced in porous domain, requiring code modifications.
The model is validated against experimental reaction data.
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